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Introduction
Inorganic arsenic (iAs) exposure is considered toxic and carcinogenic (1) . Exposure is estimated to affect several hundred million people worldwide with highest levels occurring in areas of South America and Asia (2) . Arsenic exists in the air, soil, and water, and routes of exposure include breathing, contact with skin, and diet, with the most common source being drinking water.
Chronic exposure to iAs concentrations in drinking water that exceed 50-100 µg/l poses risk of adverse health effects, including cancer, developmental effects, neurotoxicity, cardiovascular disease, and diabetes mellitus (3, 2) . Skin lesions are often one of the first signs of high, chronic iAs exposure, and risk for lesions increases with increasing arsenic exposure (4, 5) . Additional risk factors such as age, sex, smoking, and low-protein intake, in conjunction with iAs exposures, have shown associations with cancer risk (6) . Multiple mechanisms have been suggested for how iAs leads to the development of disease including oxidative stress, genetic aberrations, and epigenetic alterations (7) (8) (9) (10) (11) .
Under the Challenger model of arsenic metabolism, inorganic arsenic enters the body as arsenite (iAs III ) or arsenate (iAs v ) which can be reduced to iAs III . Methylation and additional reduction reactions then produce monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA). Methylation of arsenic is catalyzed by arsenic (+3 oxidation state) methyltransferase (AS3MT) with S-adenosylmethionine (SAM) as the methyl group donor (12, 13) . While there is some uncertainty regarding the arsenic metabolism pathway (14), it is generally agreed that there are two methylation steps: 1)iAs is methylated to produce MMA, and 2) MMA is methylated to DMA.
Relative concentrations of arsenic metabolites measured in urine represent an individual's capacity to metabolize arsenic. Typical urine metabolite percentages in humans are 10-30% for iAs, 10-20% for MMA, and 60-80% for DMA (15) (16) (17) (18) (19) (20) (21) . Both pentavalent and trivalent forms of these arsenic 6 species can be present in urine (20, (22) (23) (24) (25) . The trivalent forms of iAs, MMA, and DMA are likely to be the more toxic forms (20, (26) (27) (28) (29) with MMA III having the highest toxicity followed by iAs III (30, 31) .
Previous studies have shown that iAs%, MMA%, and MMA/iAs are positively associated and DMA%, and DMA/MMA are negatively associated with skin lesions with higher levels of MMA% associated with highest risk of skin lesions (32,33).
Not all individuals with the same level of iAs exposure develop skin lesions, so genetic variation has been hypothesized to play a role. The most extensively studied gene in relation to arsenic metabolism has been AS3MT, and variation in the region of this gene has shown consistent association with arsenic metabolite percentages across multiple studies (34). A recent GWAS study observed two independent association signals for DMA% in the AS3MT region, as represented by rs9527 and rs1191527. For both these SNPs, the allele associated with higher DMA% is associated with lower MMA% and iAs% (35).
In this study, we characterize associations between participant characteristics (demographics, lifestyle, exposures, and genetics) and arsenic metabolism phenotypes (measured in urine) among 4,794 Bangladeshi individuals. We also examine the association between these metabolism phenotypes and arsenical skin lesion risk. While most prior studies assess arsenic metabolism efficiency as relative concentrations of three correlated arsenic species in urine (iAs, MMA, and DMA), we attempted to create independent variables that represent arsenic metabolism efficiency using principal component analysis (PCA) of arsenic species.
Materials and Methods
Study participants
7
The current study included 4,794 men and women who participated in the Health Effects of Arsenic Longitudinal Study (HEALS) (36) and whose urine samples were analyzed and had detectable levels for all three arsenic species. This subgroup of HEALS has been oversampled for skin lesions and high arsenic exposure. Details of the HEALS study methods have been described previously (36,37).
Briefly, the HEALS population-based prospective cohort study was designed to assess the association of arsenic exposure with health outcomes in the rural region of Araihazar, Bangladesh. Louis, MO, USA), a measure of urinary creatinine was obtained and used to create a creatinine-adjusted total arsenic concentration (µg/g creatinine) (41). Total urinary arsenic was created by summing the three individual metabolites and was used as the denominator when calculating the percentage of iAs, MMA and DMA.
Skin lesion assessment
At baseline HEALS study physicians, trained in the detection and diagnosis of skin lesions, recorded if the following conditions where present and their location: melanosis (hyperpigmentation), leucomelanosis (hypopigmentation), or keratosis (hyperkeratotic thickening of skin). A participant was identified as having baseline skin lesions if any of these three conditions were present and was identified as having incident skin lesions if any of the three conditions were present at any of the follow-up visits.
Of the 4,814 participants with metabolite data, only 3,355 had data on skin lesions status at both baseline and follow-up that allowed us to confidently assign skin lesions status (present/absent at any time during baseline and follow-up).
Genotyping and quality control
Using the Flexigene DNA Kit (Qiagen, Cat#51204), DNA was extracted from clotted blood with the concentration and quality checked using Nanodrop 1000. Table S1 ). Participants included in this analysis are more likely to be male, older, underweight, current betel nut user, current and former smoker, and have skin lesions (both baseline and incident).
Principal component analysis of the metabolite percentages
We observed very little variation in the results based on different transformations and rotations; thus, we present the untransformed, un-rotated results. Two principal components (PCs) explained all the variation in the data, and this is expected since the three metabolite percentages sum to 100%. DMA loaded negatively (-100) on PC1 (eigenvalue = 2.08), and MMA (67) and iAs (80) both loaded positively.
For PC2 (eigenvalue = 0.93), MMA loaded positively (75) , iAs loaded negatively (-60), and DMA had a loading near zero (2). We multiplied PC1 by -1 so that higher PCs scores represent more methylation (i.e, more DMA% and MMA% respectively). The variance explained by PC1 was 68.9 % and by PC2 was 31.1%. There was no correlation between PC1 and PC2 ( Figure 2 ). Our interpretation is that PCA was able to identify two independent arsenic metabolism phenotypes in our study population: principal component 1 (PC1), which could represent one's capacity to produce DMA (2 nd methylation step), and PC2, which could represent one's capacity to convert iAs to MMA (1 st methylation step).
Correlates of arsenic metabolism efficiency
In order to compare our results for the PCs with other commonly-used measures of arsenic metabolism, additional models among those with no baseline skin lesions (n = 4,073) were run with the outcome as metabolite percentages (iAs%, MMA%, and DMA%) and metabolite ratios (PMI = MMA/iAs and SMI = DMA/MMA) ( Table 2 ). Metabolite ratios were also analyzed as log-transformed values, but since p-values and interpretation remained constant, we chose to present results based on untransformed ratios. With PC1 as the outcome we observed significant positive associations (+) with age, female sex, BMI, and TV ownership; we observed significant negative associations (-) with betel nut use, education categories, land ownership, and well water arsenic exposure. When PC2 as the outcome (+): age, current betel nut use, current cigarette smoking, and education categories; (-): females, BMI, and TV ownership.
The general patterns of association are similar for PC1, DMA%, and SMI. The general patterns of association are similar for PC2, MMA%, and PMI with the exception of water arsenic exposure which is not significant when PC2 is the outcome, has a positive dose-response relationship when MMA% is the outcome, and has a negative dose-response relationship when PMI is the outcome. When iAs% is the outcome (+): land ownership, and well water arsenic exposure; (-): age, and BMI.
Genetic Polymorphisms associated with urinary arsenic metabolism phenotypes
Associations between the arsenic metabolism measures and AS3MT SNPs rs9527 and rs11191527 were assessed using a regression model adjusting for age, sex, enrollment period of HEALS, water arsenic, and relatedness ( each SNP (p-values <1E-10) while PC2 and PMI have the least significant associations with each SNP (pvalues > 1E-03). Previously, a significant interaction between total drinking water exposure (tertiles) and DMA% was observed (35). So we additionally ran these models with an interaction term for quartiles of total drinking water exposure (<10, 10-50, 50-150, and ≥150) and each SNP, but there were no significant results (not shown).
Association between arsenic metabolism phenotypes and skin lesion status Multivariate logistic regression models were run to analyze the association between skin lesions status (prevalent + incident vs. none) and potential risk factors including PC1 and PC2. Significant (pvalue <0.05) associations with increased risk were observed for increasing age, PC2, TV ownership, and arsenic exposure from primary well water. Associations with decreased risk were observed for female sex, and increasing education (Supplementary Table S2 ). We repeated this analysis using quartiles of our PC variables (Supplementary Table S3) , and PC2's third and fourth quartiles (compared to the first) showed suggestive evidence (p-value <0.1) of positive association with skin lesions status. A logistic regression model was used to assess the association between skin lesion status and the various arsenic metabolism phenotypes one at a time (Table 4) . For the age and sex-adjusted model, PC1
and DMA% show significant (p-value <0.05) associations with decreased risk while PC2 and MMA% show an association with increased risk. In a fully-adjusted model, the associations remain significant for PC2 and MMA%. We additionally ran these models with an interaction term for quartiles of total drinking water exposure (<10, 10-50, 50-150, and ≥150) and each arsenic metabolism phenotype, but no interaction terms were significant (not shown).
These logistic regression analyses were repeated stratifying by arsenic exposure from primary well water (<50 and ≥50 µg/L). In the age-and sex-adjusted model among individuals with low exposure, PC2 and MMA% were associated with a significant (p-value <0.05) increase in skin lesion risk; however, none of the metabolism phenotypes were associated with risk among individuals with high exposure (≥50 µg/L). In the fully adjusted model, the associations for PC2 and MMA% remained significant in the low exposure group (Table 4) , while none of the metabolite measures were significant among individuals with higher exposure (≥50 µg/L). (Table 4 ).
Discussion
In this large study of arsenic metabolism phenotypes (n>4,500), we used PCA to obtain two independent arsenic metabolism phenotypes and evaluated their associations with genetic and non-genetic participant characteristics, as well as arsenic toxicity outcomes. Our interpretation is that PC1 observed in our study may represent one's capacity to produce DMA (2 nd methylation step), and PC2 may represent one's capacity to produce MMA (1 st methylation step). Our results suggest that , women, non-smokers, individuals with higher BMI, and individuals with lower arsenic exposure have the reduced skin lesion risk profile (i.e., higher PC1 and reduced PC2)), under the assumption that MMA% (particularly MMA III )
is the most toxic arsenic species relative to iAs and DMA.
PCA seems to have some advantages compared to the various highly correlated measures of arsenic metabolism (correlation table in figure 2 ) used in prior studies (i.e., iAs%, MMA%, DMA%, PMI, and SMI). By creating PCs we are able to isolate two independent underlying measures of arsenic metabolism; thus we can avoid the use of correlated outcomes when assessing associations between participant characteristics and metabolism phenotypes. This allows us to demonstrate that our two metabolism phenotypes are quite distinct with respect to their associations with participant characteristics.
For example, we show that 10q24.32 SNPs known to influence arsenic metabolism are strongly related to 
PC1, but essentially unrelated to PC2. In addition, PC2 is the only metabolite measure that shows no association with arsenic exposure. One interpretation of this finding could be that PC2 represents metabolic reactions that do not become saturated when exposure is high, and are thus not a rate-limiting step in the conversion of iAs to DMA. An additional interpretation of what PC2 might represent is differences in individuals' ability to transport arsenic across cell membranes, as variants in the SLCO1B1 anion transporter gene have been reported to be associated with arsenic metabolite percentages in urine (46) .
Generally our results are consistent with previous epidemiologic studies of arsenic metabolism across various populations and exposure levels. Decreased levels of iAs% are seen among women compared to men and with increasing age (6,47-51), but associations with decreasing age (52) and increasing BMI (48, 51, 53) have also been reported. Regarding MMA%, lower levels have been observed among females compared to males (47, (49) (50) (51) 54) , among never smokers (50), and with increasing age (47) and increasing BMI (19, 49, 52, 55) , but lower levels have also been observed with decreasing age (6, 52) . Higher levels of DMA% have been observed among females compared to males (6, 49, 50) , with increasing age (6, 47, 51, 52) , with increasing BMI (49, 51, 53, 56) , and among never smokers (51). In analyses stratified by exposure level, PC2 and MMA% are only associated with skin lesion risk at the lower exposure level (<50 µg/L). This suggests that variation in iAs metabolism, specifically MMA%, may be more important at lower exposure levels. In other words, at higher levels of exposure the risk of developing skin lesions does not depend heavily on the efficiency of the first methylation step.
This finding has potential implications for future prevention efforts among populations with low to moderate exposure, in which interventions could potentially be targeted towards individuals with "high risk" metabolism profiles. 
We observe strong differences in metabolism of arsenic by sex. Such differences have been hypothesized to be due to hormonal differences, and several prior studies have examined pregnancy and menopause in relationship to arsenic metabolism and skin lesions. Pregnant women have increased methylation which increases with weeks of gestation (57, 58) and women who are highly exposed to arsenic have an earlier onset of menopause (59) . The positive dose-response relationship between BMI and PC1 (i.e., DMA) could be explained by more intake of nutrients that may help in arsenic metabolism (60) (61) (62) . The inconsistency in associations between age and metabolites across studies could be a result of sample selection techniques resulting in different age ranges and frequencies and/or healthy survivor effect.
Our results indicated that the second methylation step is a rate-limiting step since exposure to arsenic in drinking water is not associated with PC2, but exposure is associated with PC1 in a doseresponse relationship. This lack of association with PC2 was not evident when examining the association of water arsenic with PMI, iAs%, or MMA% (presumably because these phenotypes are correlated with DMA% and PC1). Previous studies suggest that the second methylation step is inhibited at increased exposure levels (particularly elevated levels of iAs III and MMA III ) both in the experimental setting (63, 64) and in human observational studies (65) , consistent with the associations observed in this study.
Across both the full and reduced logistic regression models with skin lesion status as the outcome, only PC2 and MMA% are significantly associated with increased risk of skin lesions.
Consistent with our result, in prior studies of metabolite percentage measures, only MMA% is consistently associated with having skin lesions regardless of model adjustments (17, 32, 49, 54, 66, 67) .
Thus, our work provides additional observational evidence that MMA is the most toxic methylation state of the arsenic species present in the body. The association between SNPs in the AS3MT region and arsenic metabolites and/or skin lesions is well established humans (34,35,42,47,52,68,69), and silencing of AS3MT has been shown to dramatically reduce iAs methylation in cultured cells (70) and in knockout mice (71, 72) . In this work, SNPs in the AS3MT region (rs9527 and rs11191527) showed a strong association with PC1/DMA%, but not with PC2/PMI. One potential explanation is that AS3MT SNPs play an important role in the second step of metabolism, but less so for the first step. However, the mechanism(s) by which these SNPs influence metabolism remain unclear. Kinetic studies have shown that the AS3MT binding affinity differs for the first methylation step as compared to the second step (73, 74) and there are differences in the number of binding sites required for each of the methylation steps (75). These differences in AS3MT kinetics for the first vs. the second methylation step suggest that it possible that the SNPs in this region could have different effects on these two methylation reactions this population.
Several considerations need to be taken into account when evaluating and interpreting our results. The creation of PCs is entirely dependent on the study sample and specific PC scores are not directly comparable across studies. Interpretations of what our PCs represent and association observed between our PCs and selected characteristics need to be evaluated in other populations. We did not measure differences between the valence states (III vs. V) of iAs, DMA, or MMA since these states can be affected by method of sample collection and transport and trivalent methylated species are unstable and difficult to detect. The trivalent state has been indicated as the most toxic form of iAs and its metabolites. Therefore future study designs which are able to assess the individual states of metabolites and disease outcomes would be of interest. Prior studies have looked at both blood and urine metabolites in the same participants (76) as well as arsenic exposure and measurement in hair and nail samples (77, 78) suggesting strong correlation between metabolites excreted and retained. In humans, the average half-life of inorganic metabolites in the body is about 10 days (79,80) however, there may be variation among individuals which may be worth explicitly investigating in future studies.
Here we interpret our results under the Challenger model of arsenic metabolism. Working under a competing model of arsenic metabolism (81) (e.g., using As-GSH complexes), may require different forms of exposure measurements at the study design phase and maybe an important future research direction. Those with skin lesions at baseline where excluded from the metabolism efficiency linear regression analysis, but it is possible that underling disease processes (e.g., altered methylation of key metabolism genes) may have influenced metabolism in those who develop skin lesions during follow-up.
However, when preforming a sensitivity analysis (not shown) removing those with incident skin lesions from the linear analysis, our beta estimates remain relatively consistent and interpretations remain the same as presented.
Rice is likely a major dietary contributor (excluding drinking water) of inorganic arsenic exposure in the population and has been observed to be associated with an increased risk of skin lesions beyond drinking water exposure (62) . Adding total rice intake to our models as a covariate (not shown) does not change our results and total rice intake was weakly and inconsistently (across quartiles of rice intake) associated with PC2, MMA%, and PMI. Other dietary patterns or nutrients have shown an association with arsenic excretion and/or skin lesion risk, but not consistently (82) (83) (84) (85) . Bioaccessiblity and bioavailability play a role in potential health effects from arsenic exposure. Most of the metabolism of arsenic is thought to take place in the liver, however, there is evidence that gut microbiome metabolism may also take place and could have a significant impact on absorption/excretion and associated health effects form arsenic exposure (60, 86) . Unmeasured bioaccessibility/bioavailability will increase the variation in our arsenic exposure estimates and when using the metabolite variables as outcomes we would have reduced power to detect associations with these exposure factors. 
Our study has several strengths including the largest sample size to date for a study of arsenic metabolism, ethnically homogeneous population to avoid population stratification bias, and a large subgroup of the population with measurement of arsenic exposure, genetic variation, and demographic characteristics.
Conclusion
We identify two independent arsenic metabolism phenotypes that show distinct patterns of associations with age, sex, BMI, SES and 10q24.32 polymorphisms. Arsenic exposure shows a negative association with the first (PC1), but no association with the second (PC2), suggesting that capacity to methylate MMA to DMA is reduced with increasing exposures. The second metabolism phenotype showed a significant association with skin lesion status, suggesting that those with higher MMA% in their urine are at increased risk for skin lesions. This work characterizes risk profile for those exposed to arsenic and can be used in future prevention and intervention studies. 
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